The enzyme neuropathy target esterase (NTE) is present in neurons and deacylates the major membrane phospholipid, phosphatidylcholine (PtdCho). Mutation of the NTE gene or poisoning by neuropathic organophosphates-chemical inhibitors of NTE-causes distal degeneration of long spinal axons in humans. However, analogous neuropathological changes have not been reported in nestincre:NTEfl/fl mice with NTE-deficient neural tissue. Furthermore, altered PtdCho homeostasis has not been detected in NTE-deficient vertebrates. Here, we describe distal degeneration of the longest spinal axons in ϳ3-week-old nestin-cre:NTEfl/fl mice and in adult C57BL/6J mice after acute dosing with a neuropathic organophosphate: in both groups early degenerative lesions were followed by swellings comprising accumulated axoplasmic material. In mice dosed acutely with organophosphate, maximal numbers of lesions, in the longest spinal sensory axon tract, were attained within days and were preceded by a transient rise in neural PtdCho. In nestin-cre: NTEfl/fl mice, sustained elevation of PtdCho over many months was accompanied by progressive degeneration and massive swelling of axons in sensory and motor spinal tracts and by increasing hindlimb dysfunction. Axonal lesion distribution closely resembled that in hereditary spastic paraplegia (HSP). The importance of defective membrane trafficking in HSP and the association of NTE with the endoplasmic reticulum-the starting point for the constitutive secretory pathway and transport of neuronal materials into axonsprompted investigation for a role of NTE in secretion. Cultured NTE-deficient neurons displayed modestly impaired secretion, consistent with neuronal viability and damage in vivo initially restricted to distal parts of the longest axons.
Introduction
Hereditary spastic paraplegias (HSP) comprise a genetically heterogenous group of neurological disorders characterized by degeneration of distal parts of long spinal axons (Deluca et al., 2004) . Increasing evidence suggests that defects in membrane trafficking and/or axonal transport are important factors in the pathogenesis of these syndromes (Reid, 2003; Soderblom and Blackstone, 2006; Salinas et al., 2008) . Recently, mutations within the region of the human gene encoding the catalytic domain of an enzyme, neuropathy target esterase (NTE), were shown to cause a recessively inherited spastic paraplegia (SPG39) (Rainier et al., 2008) . NTE is present in neurons throughout the nervous system (Glynn et al., 1998) and is associated with the endoplasmic reticulum (ER) (Li et al., 2003; Akassoglou et al., 2004) . NTE was identified originally in brain tissue homogenates as an enzyme activity (assayed with an artificial ester substrate) which was inhibited by neuropathic organophosphorus (OP) compounds (Johnson, 1969) . Accidental ingestion of one particular OP, triortho-cresylphosphate (TOCP), paralyzed thousands of people during the 20th century (Cavanagh, 1964) . Like HSP, OPinduced neuropathy preferentially damages the distal ends of long axons. Furthermore, large adult vertebrate species (humans, cats, chickens) are far more susceptible to OP-induced neuropathy, and their brain tissue has a higher specific activity of NTE, than smaller animals (mice, rats) (Glynn, 2000) .
The foregoing suggest a relationship between NTE activity and the distance that neuronal materials must be transported to reach the distal ends of long axons and that NTE may play a role in adult axonal maintenance by facilitating export of materials from the neuron to its axon. Suprisingly, however, long spinal axon degeneration has not been described in nestin-cre:NTEfl/fl mice with genetic deletion of NTE from neural tissue (Akassoglou et al., 2004) . Vacuolation of the hippocampal neuropil-not a known site of neural damage in OP-induced neuropathy-has been reported in these mice, but spinal cord lesions have not (Akassoglou et al., 2004) . NTE has several critical roles in mammalian development: its constitutive deletion in mice causes embryonic death attributable to failed formation both of the placenta and vasculature (Moser et al., 2004) . In nestin-cre:NTEfl/fl mice, deletion of NTE is essentially restricted to neural tissue and occurs at embryonic day 11 (Akassoglou et al., 2004) ; thus, the hippocampal lesions might reflect abnormal neural development rather than lack of maintenance in the adult.
In cultured cells, NTE catalyzes OP-sensitive deacylation of phosphatidylcholine (PtdCho), the major phospholipid of eukaryotic membranes, producing water-soluble glycerophosphocholine and fatty acids (Zaccheo et al., 2004) . However, the relationship of NTE activity to PtdCho levels in vivo is unclear at present. Thus, although increased PtdCho has been observed in the brains of NTE-deficient (swiss-cheese) Drosophila (Mühlig-Versen et al., 2005) , a recent study failed to detect such a change after dosing chickens with TOCP (Hou et al., 2008) . We undertook the present investigation to clarify the relationship of NTEdeficiency to spinal axon degeneration and neural PtdCho homeostasis.
Materials and Methods
Mice: breeding, dosing, behavioral, and histological analyses. The generation of NTEfl/fl mice has been described previously (Akassoglou et al., 2004) . Homozygous NTEfl/fl mice were crossed with nestin-cre mice (Jackson Laboratory). Subsequently, crosses between nestin-cre: NTEfl/fl mice generated the progeny analyzed in this study. Genotyping was by PCR: nestin-cre-:NTEfl/fl and nestin-creϩ:NTEfl/fl are abbreviated to wild type (WT) and NTE-conditional knock out (cKO), respectively. Age-and sex-matched pairs of cKO and WT were compared in each experiment. To investigate pharmacological inactivation of NTE, adult male C57BL/6J mice were dosed daily (500 mg/kg; oral; dissolved in arachis oil) for 5 d with a neuropathic organophosphate, mono-orthocresyldiphenylphosphate (MOCDPP) (Lotti and Johnson, 1980) ; control mice received equal volumes of arachis oil only. Hindlimb dysfunction in all mice was evaluated in three tests by observing open-field locomotion, hindlimb response during suspension by the tail, and performance in traversing a 2 cm diameter dowel rod. Dosed mice were assessed daily and knock-out mice monthly. All procedures were performed under license from the UK Home Office in accordance with the Animals (Scientific Procedures) Act 1986. Mice were deeply anesthetized and perfused to fix tissue for semithin sections. Lesions were enumerated at ϫ100 magnification (full details in supplemental Methods, available at www. jneurosci.org as supplemental material). All histological data are representative of at least two mice.
Biochemical analyses. PtdCho in mouse brain was determined essentially as described by Murai et al. (2004) . In brief, rapidly dissected and frozen individual cerebral hemispheres were homogenized in 0.4 M HClO 4 , lipids were extracted into CHCl 3 and PtdCho was hydrolyzed (90°C; 1 h) in 1 M HClO 4 /0.5% Triton X-100. After neutralization, choline and cholesterol were determined by enzyme-linked assay using Amplex kits (Invitrogen) (full details in supplemental Methods, available at www.jneurosci.org as supplemental material). Control values Ϯ SE for 10 C57BL/6J mice were as follows: PtdCho, 19.5 Ϯ 0.6; cholesterol, 11.8 Ϯ 0.4 nmol/mg brain tissue.
To assay neuronal secretion of reelin and amyloid precursor protein (APP), cerebellar granule neurons (CGNs) were isolated from NTE-cKO and littermate WT mice at postnatal day 7 and plated at 0.5 ϫ 10 6 cells per well in 24-well plates in neurobasal medium with B27 and 25 mM KCl. Medium was aspirated from CGN at 7 d in vitro; the cells were washed three times with PBS, then covered with 0.5 ml fresh medium and reincubated. For APP secretion assays, a potent, cell-permeable ␤-secretase inhibitor (Inhibitor IV; Calbiochem) was added (final concentration, 2 M) 2-3 h before removing the original medium and added again (same concentration) to the fresh medium. After various times (up to 4 h), medium was again removed and saved, the cells again washed with PBS, lysed, and harvested in 0.5 ml RIPA buffer [50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 0.125% sodium deoxycholate, 1% protease inhibitor mixture (Pierce)]. Aliquots of cell lysates and conditioned medium were analyzed by SDS-PAGE (4 -20% Lonza gels), transfer (16 h; 25 V) to nitrocellulose blots, probing with monoclonal antibodies to reelin (G10; Abcam; 1:1000) or APP (MAB348; Millipore Bioscience Research Reagents; 1:4000) followed by peroxidase-labeled anti-mouse IgG (Sigma; 1:1000), enhanced chemiluminescence reagents (Amersham), and finally densitometry (full details in supplemental Methods, available at www. jneurosci.org as supplemental material).
Results

NTE deficiency initially induces distal degeneration followed by swelling of the longest spinal axons
In 18 -19-d-old (0.6 month) nestin-cre:NTEfl/fl (NTE-cKO) mice, we found axonal lesions in transverse sections of the gracile Star in B indicates dense-body. Scale bar, 10 m. E, Gracile lesions enumerated at indicated times: data are the mean and range of determinations in two mice per time point (NTE-cKO) and mean Ϯ SEM of determinations in three mice per time point (MOCDPP dosed) except 0 weeks, which represents the number of lesions (0, 0) in two vehicle-dosed mice. There were no significant differences in lesion numbers between 1-7 weeks post-OP, whereas, in NTE-cKO mice, lesion numbers increased significantly ( p ϭ 0.028; Student's t test) between 0.6 and 3 months. nucleus in the medulla oblongata ( Fig. 1 A, E) : this region contains distal parts of the longest sensory spinal axons emanating from neurons in lumbo-sacral dorsal root ganglia. By 3 months of age, gracile nucleus axonal lesions were at least twice as numerous ( Fig. 1 B, E) . We compared these neuropathological changes with those in adult C57BL/6J mice dosed acutely with a neuropathic OP, MOCDPP, a close homolog of TOCP. One week after starting a 5 d MOCDPP dosing regime, axonal lesions were found in similar numbers to those in 18 -19 d NTE-cKO mice (Fig. 1C ,E) but were not more numerous 6 weeks later (Fig. 1 D, E) .
In qualitative terms, the axonal lesions in young NTE-cKO mice strongly resembled those induced by MOCDPP dosing of adult C57BL/6J mice. In both groups, three morphologically distinct gracile nucleus lesions were observed: dark-staining axons with dense bodies comprising multilamellar figures or ovoids, translucent intra-axonal vacuoles, swollen axons with accumulations of vesicular and cytoskeletal elements (Fig. 2 A) . We classed both dense body and vacuolar types as degenerative lesions: these predominated initially but were accompanied progressively by swollen axons (Fig. 2 B) . The same progression was observed in sections of lumbar spinal cord from NTE-cKO mice. In ventral and lateral lumbar tracts, most of the initial lesions were of the degenerative type, but swollen axons eventually comprised 30 -50% of the total (Fig. 2C) . In older NTE-cKO mice, distal axons in the medullary gracile nucleus swelled to massive sizes (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material) and collections of swollen axons occupied large areas of the tract (Fig. 2 D, E) . In lumbar lateral tracts of NTE-cKO mice also, cross-sectional areas of swollen axons increased from typically 150 -200 m 2 at 1 month (Fig. 2 F) to 800 -1000 m 2 at 14 months (Fig. 2 H) .
Sustained NTE deficiency induces hindlimb dysfunction and damage to axons in corticospinal motor tracts
In NTE-cKO mice, clinical signs of hindlimb dysfunction progressed over a period of many months. The most obvious behavioral abnormality was the tendency to clench the digits of the hindlimbs: this was apparent both in the suspension reflex test (Fig. 3A) and in observations of open-field movement (supplemental Video, available at www.jneurosci.org as supplemental material). Inability to fully support the lower body in the beamwalking test became apparent by ϳ4 months, and by 14 months, open-field movement was noticeably abnormal (although not grossly impaired) (supplemental Video, available at www. jneurosci.org as supplemental material). No clinical signs of hindlimb dysfunction were detected in C57BL/6J mice dosed acutely with MOCDPP at any time during the 7 week observation period.
We examined lumbar spinal cord sections of NTE-cKO mice to detect distal lesions in axons in motor tracts which emanate from neurons in the brain cortex. At this level, we compared the incidence of lesions in lateral (major) and ventral (minor) corticospinal motor tracts with those in the dorsal sensory tract (Fig.  3B) . Few lesions were observed in axons of the dorsal tract, which, at this level, are relatively close to their neuronal cell bodies (Fig.  3C) . In contrast, lesions were numerous in the corticospinal motor tracts, particularly in the major lateral tracts (Fig. 3C, E, F ) . Degenerating type axonal lesions were present from early ages in both the lateral and ventral motor tracts (Figs. 2C, 3E , F ) and often displayed a Wallerian-like morphology (Fig. 3D) . In older NTE-cKO mice, swollen axons were increasingly present in lumbar tracts (Figs. 2C, 3 E, F ) , and the lateral tracts in particular showed progressively larger areas of disordered structure (Fig. 2 F-H ) . 
NTE deficiency induces increased neural PtdCho levels and impairs neuronal secretion
We investigated neural PtdCho levels in adult C57BL/6J mice subjected to the same 5 d MOCDPP dosing regime described in Figure 1 . One week after the start of dosing brain PtdCho levels were elevated but, a week later, had normalized and remained so for the following 5 weeks (Fig. 4 A) . We measured PtdCho in brain cerebral hemispheres, a neural area not affected morphologically in OP-induced neuropathy, to detect the primary biochemical consequence of NTE-deficiency rather than a secondary change resulting from tissue damage. This was supported by the lack of change in another lipid, cholesterol, in the same samples (Fig. 4 A) .
In young (1-3 month) NTE-cKO mice, brain PtdCho levels were elevated, whereas cholesterol was unchanged (Fig.  4 B) . The magnitude of the PtdCho increase was similar to that detected in C57BL/6J mice 1 week after the first MOCDPP dose. However, in contrast to MOCDPP-dosed C57BL/6J mice, PtdCho remained elevated at the same levels in older (6 -12 month) NTE-cKO mice (Fig. 4 B) .
Finally, we examined the possibility (see Introduction) that NTE facilitates export of materials from the neuronal cell body. This is consistent with NTE's localization to neuronal ER, the starting point for constitutive secretion and axonal transport. Both reelin (Lacor et al., 2000) and APP traverse the constitutive secretory pathway: APP is proteolytically cleaved at the cell surface, generating a large secreted fragment, sAPP␣ (Thinkaran and Koo, 2008) . CGNs from NTE-cKO mice were morphologically indistinguishable from and equally viable in culture as CGN from WT littermates. We established incubation conditions with approximately linear rates of secretion from CGN of both reelin and sAPP (Fig. 4C,D) . For both these proteins, the rate of secretion from NTE-cKO CGN was ϳ80% of that from littermate WT CGN (Fig. 4 E, F ) [Reelin: WT ϭ 100 Ϯ 3.2%, NTE-cKO ϭ 82.4 Ϯ 4.1%; n ϭ 20; p ϭ 0.00148. sAPP: WT ϭ 100 Ϯ 3.1%, NTEcKO ϭ 79.7 Ϯ 3.0%; n ϭ 59; p ϭ 4.936E-07. Means Ϯ SE. Student's t test. For details see supplemental Methods, available at www.jneurosci.org as supplemental material]. These data indicate that the constitutive secretory pathway is moderately impaired in NTE-deficient neurons.
Discussion
We have shown that, in mice, NTE activity is required for neural PtdCho homeostasis and maintenance of adult axons. The transience and modest size of PtdCho elevation in brain cortex after acute OP dosing observed here may explain why others failed to detect a change after OP dosing in chickens (Hou et al., 2008) .
The small increase (15-20%) in PtdCho in NTE-deficient mouse brain is comparable with that in NTE-deficient Drosophila (Mühlig-Versen et al., 2005) . The similar sized increase in OPdosed mice and young and old NTE-cKO mice indicates that sustained NTE deficiency does not cause progressive PtdCho accumulation, but rapid establishment of a new elevated level which is maintained stably thereafter. Moreover, the rapid normalization of PtdCho levels after cessation of OP-dosing indicates that this PtdCho pool is relatively dynamic. The association of transiently increased neural PtdCho (in OP-dosed mice) with degeneration confined to the longest spinal axons and of sustained PtdCho elevation (in NTE-cKO mice) with increasing areas of axonal damage suggests a linkage between neural PtdCho homeostasis and axonal maintenance. In yeast, PtdCho homeostasis and constitutive secretion are linked via the phospholipid-binding protein, sec14p (Mousley et al., 2007) . Axonal maintenance depends on membrane trafficking and microtubule-based transport. For instance, HSP is caused by mutations in the genes encoding kinesin heavy chain KIF5A (SPG10), a motor protein for anterograde transport, or spastin (SPG4), a protein involved in microtubule turnover (Reid, 2003; Soderblom and Blackstone, 2006; Salinas et al., 2008) . In cultured HeLa cells, the 68 kDa isoform of spastin regulates ER to Golgi secretory traffic (Connell et al., 2009) . Interestingly, spastin has been shown to bind another HSP gene product, atlastin (SPG3A) (Sanderson et al., 2006) , and atlastin-1, the major neural isoform, has a key role in ER and Golgi morphogenesis (Rismanchi et al., 2008) .
Mice with a deletion mutation in spastin display swollen spinal axons, whereas neuronal soma appear normal (Tarrade et al., 2006) . Preservation of neuronal cell bodies, even when there is extensive axonal degeneration, is a feature of both HSP (Soderblom and Blackstone, 2006 ) and OP-induced neuropathy (Cavanagh, 1964; Glynn, 2000) . As in human HSP, distal parts of the longest spinal axons are the first to be damaged in both spastin- (Tarrade et al., 2006) and NTE-deficient mice. In the latter, we showed that the initial degenerative type of distal axonal lesion is succeeded by progressive swelling. The similar neuropathological changes in the gracile nucleus of young NTE-cKO mice and OP-dosed adult C57BL/6J mice strongly suggest that these lesions result from disruption in the maintenance of mature axons rather than abnormal neural development. With sustained NTE-deficiency over many months, massively swollen axons are present in motor and sensory spinal tracts. The relative distribution of axonal lesions in the motor corticospinal and sensory dorsal tracts in upper and lower spinal cord of NTE-cKO mice closely mirrors that reported in human HSP (Deluca et al., 2004) . Despite the numerous forms of human HSP, relatively few animal models of these syndromes have been reported, and so NTE-deficient mice comprise a useful new model of an HSP.
Defective membrane trafficking is emerging as an important theme in the pathogenesis of HSP (Reid, 2003; Soderblom and Blackstone, 2006; Salinas et al., 2008) . NTE localizes to neuronal ER, the starting point for constitutive secretion and axonal transport; thus, we hypothesized that these processes might be impaired by NTE deficiency. We measured secretion of reelin and APP from CGN because these proteins traverse the constitutive pathway (see above), and CGNs provide a source of relatively abundant and homogenous neurons which express NTE and can be used for a quantifiable and independent biochemical assay. We do not imply that reelin or APP per se are causally related to either axonal degeneration or HSP, or that CGN axons are particularly vulnerable in NTE deficiency. Using this assay, we found that in cultured NTE-deficient neurons, constitutive secretion is modestly impaired; thus, export of neuronal materials to the associated axon may be similarly affected. The minor degree of impairment observed is consistent with the apparent viability of NTE-deficient neurons and with the observation that, initially, damage in vivo is confined to distal regions of the longest spinal axons.
The neurological and histopathological signs and their gradual appearance over many months in NTE-cKO mice resemble those reported in wild-type mice dosed chronically with TOCP (Lapadula et al., 1985) . This contrasts with larger animals (humans, chickens, cats) in which neuropathy appears within 1-2 weeks of a single TOCP dose (Cavanagh, 1964; Glynn, 2000) . Moreover, although signs of hindlimb dysfunction were not detected in NTE-cKO mice until early adulthood (4 -5 months), in humans with recessively inherited NTE-deficiency spastic paraplegia begins in childhood (Rainier et al., 2008) . Similarly, although calcium-independent phospholipase A2 (iPLA2)-deficient mice do not display hindlimb dysfunction and swollen spinal axons until one year of age (Shinzawa et al., 2008) , humans with iPLA2-deficiency have neurological signs in infancy and die before puberty (Nardocci et al., 1999) . Thus, in two mouse models of deficient phospholipid deacylation, neuropathological changes occur much more slowly than in the respective human syndrome. This may be attributable to the relative lengths of human and mouse spinal axons and the greater need of the former for optimal levels of maintenance.
